PU rpose : To determine the optimal voxel volume covering the hippocampal area in single-voxel proton magnetic resonance (MR) spectroscopy and to evaluate the reprod uci bili ty of metabolite ratios of the spectra.
The hippoc하npus is an important limbic structure and is located within the temporal horn of the lateral ventricle. 1n patients with temporal lobe epilepsy (TLE), sclerosis of the hippocampus is a major pathologic substrate which on microscopic examination shows neuronalloss and gliosis (1) . During the last decade, morphological changes is this small structute have been thoroughly evaluated by qualitative and quantitative magnetic resonance imaging (MR1) techniques (2 -5) , and MR imaging of the hippocampus is currently an essential part of the preoperative evaluation protocol in TLE patients , Some TLE patients, however, show no definite morphologic changes of the hippocampus on MRI.
Proton MR Spectroscopy (MRS) has recently been applied to the hippocampal areas of TLE patients (7 -10) ; earlier reports had shown promising potential of this technique, especially in patients in whom no definite hippocampal abnormalities were seen on MR1 (10) . So far, various kinds of pulse sequences, voxel sizes, echo times (TE) and repetition times (TR) have been tested and on the basis of these, spectroscopic data of normal hippocampus have been produced (9 -13) . In general, because of the advantages of signal-to-noise ratio, the spin-echo sequence or point resolved spectroscopy (PRESS) is preferred to the stimulated echo acquisition mode(STEAM). As the hippoc없npal area is a region with large differences in susceptibility, the single-voxel technique may be an easier and safer than multivoxel or spectroscopic imaging. To take ad vantage of flat baselines, TE as long as 135 -270 milliseconds is usually chosen. For operators, the remaining practical considerations would be the choice of optimal measurement parameters such as voxel volume, TR and number of scans. These operator-dependent parameters affect anatomical resolution, measurement time and signal-to-noise ratio of the acquired spectrum. It is therefore necessary to optimize measurement par킹neters， especially voxel volume, and evaluate reproducibility of the spectra obtained using such par없neters， but reports of this are rare.
In this study, we have tried to optimize the voxel volume covering the hippocampal area in the setting of TR/TE = 1500/1 35 msec and number of scans = 300, and have evaluated the reproducibility of metabolic ratios of the spectra obtained from the 1. 5 Tesla MR system.
Subjects and Methods
Five healthy adults aged 25 -33, without a history of central nervous system disorder, participated in this study; the male-to-female ratio was 3: 2. All MR imagings and spectroscopic study utilized the same 1. 5 Tesla MR machine, using the manufacturer' s standard circular p이arized head coil (Magnetom Vision, Siemens Medical Systems, Erlangen, Germany). At the time of this study, commercially available spectroscopy programs did not allow localizer images of oblique planes; to obtain axiallocalizer images parallel to the long axis of the hippocampus, we therefore changed the angle of the head by about 30 0 , placing soft cushions under the neck. After head positioning, three plane localizer images covering the right hippocampal head and body areas were obtained, using a turbo spin echo sequence (TR /TE = 3500/ 128 milliseconds, echo train length = 23 ; field of view = 230mm; matrix size = 138 X 256; slice thickness/gap = 5 /O~ 3 mm; number of slices = 10 ; number of acquisitions = 2; acquisition time = 23 seconds).
We employed the single voxel spin-echo sequence provided in the routine Siemens MRS package, and its parameters were as follows: TR /TE = 1500/ 135 milliseconds, number of scans = 300; acquisition time = 7 minutes 30 seconds. The data file size was 1,024 complex data points. Each offive volunteers was examined using the same sequence parameters but with a different voxel volume(1 m!, 10 X 10 X 10mm in volunteer 1 ; 2m!, lO X I2 X I6.5mminvolunteer2;3mL 10X15 X 20mm in volunteer 3; 4mL 13.3 X 15 X 20mm in volunteer 4 ; 5 mL 13 .3 X 19 X 20mm in volunteer 5). The smallest voxel (1 ml) was composed almost entirely of hippocampal tissue. As voxel volume increased, larger voxels contained more perihippocampal tissues such as subiculum, parahippocampal gyrus and perihippocampal deep white matter than smaller ones. A voxel was therefore positioned carefully, using three plane localizer images to cover the head and anterior body portion of the right hippocampus as much as possible (Fig . 1) . After automatic global shimming and setting of total receiver gain to 80 decibels, manual localized shimming was performed on the voxel and usual full widths at half maximum (FWHM) of the water peaks were 8 -10 hertz . To suppress the dominating water peak, the amplitude of a frequency-selective Gaussian type radio-frequency pulse was adjusted manually, resulting in the usual values of analog-to-digital converter (ADC) voltage below 0.5. To check the reprodueibility of metabolite ratios, five consecutive measurements were taken during each spectroscopic exanination session.
Once data acquisition was complete, each spectrum was post-processed according to the protocol described in the manufacturer's spectroscopy analysis program. Typical protocol consisted of Gaussian J Korean Radiol Soc 1997; 37 : 775-782 filtering ofthe time domain signal (filter center width : 0, 250 milliseconds), subtraction of the residual water signal after water reference processing of the frequency shift, Fourier transformation into frequency domain, constant and linear phase correction, and baseline correction by a polynominal function. Eddy current compensation by the use of water signal was not applied.
Using the same parameters and same voxel volume, we examined each volunteer five times, obtaining a total of 25 spectra. Major peaks at 2.0ppm, 3.0ppm, and 3.6ppm were assigned to N-acetylaspartate (NAA), creatine /phosphocreatine (Cr), and cholinecontaining compounds (Cho), respectively. The values ofintegraL amplitude and FWHM ofNAA, Cho, and Cr peak were calculated using the manufacturer's peak information analysis program. The metabolite ratios of normal hippocampus were expressed as NAA /Cho and
NAA/Cr+Cho; the signal to noise ratio (SNR) ofNAA peak in a spectrum was calculated as follows (14) :
SNR of NAA = signal amplitude of NAA peak /root mean square (RMS) noise RMS noise = peak to peak noise /2.5 In order to avoid-as far as possible-distortion ofthe spectral baseline, peak-to-peak noise was measured in the low frequency region ( 8 -10 ppm) .
Mean values ofthe data obtained from various voxel volumes were analysed using the nonparametric Kruskal-Wallis test and Wilcoxon rank sum test(SPSS 6.0 for Windows). P-values less than 0.05 were considered as significant.
Results
On visual inspection of three-plane localizer T2-weighted images, signal intensity and size of the from five E. Two spectra with a voxel volume of 5ml. The peak amplitude and width ofmajor peaks are varied unpredictably dur ing consecutive measurements with the same acquisition parameters. The same scales are used in all spectra for companson.
NAA/Cr+Cho are shown in Table 1 . These numeric data are displayed graphically in Fig . 3 . The integral values of NAA, Cr and Cho peaks are similarly displayed in Fig. 4 . examined hippocampus were seen to be normal. Representative spectra obtained from the five volunteers are shown in Fig. 2 . The means and standard deviations of integral value and SNR of NAA, NAA/Cho and to the variation seen when voxel volume was 3 -5 ml.
Discussion
Our observations suggest that with measurement parameters such as TR/TE = 1500/1 35 msec and number of scans = 300, optimal voxel volume should be more than 3 ml and the standard deviation of metabolite ratios may be about 8 -13 % ofmean values.
Spectra obtained from the hippocampal area showed much lower SNRs (maximum SNR < 10) than those obtained from other brain regions such as the frontaL parietal or occipital areas. It is possible that as the hippocampal area is near the skull base and sphenoid sinus, protons of metabolites suffer more intra-voxel phase dispersion due to magnetic field inhomgeneity than those of other brain regions. ln this study, increased voxel volume did not result in linearly increased SNR, which almost reached a plateau when voxel volume was greater than 3ml (Fig. 3) . This pattern of SNR behavior of NAA could, of course, be attributed to an error in the SNR calculation or to anatomical variation among the participants in this study ; the formula for calculating the SNR ofNAA is shown in the ' Methods' section. The amplitude of an NAA peak was calculated using the manufacturer' s peak information analysis program, but RMS spectrum noise was calculated manually by measuring peak-to-peak noise in the frequency region of 8 -lO ppm. The spectra baselines were usually flat in this region, but not always. Distorted baselines may lead to an increase in peak-to-peak noise and a decrease in calculated SNR of the spectra; individual variation of anatomical structures and the biologic composition ofthe region of interest may also lead to variations in SNR, despite the same spectroscopic measurement parameters . The other possibility, however. is that SNR of NAA decreased due to increased intra-voxel phase dispersion oflarge voxel volumes . ln this study, the number of subjects was too small to clarify the signal behavior of NAA according to changes in the volume of voxels, and further investigation of this point should be pursued in another study.
ldeally, it is desirable to obtain metabolic information from small volumes of interest (1 -2m!) covering only the hippocampal tissue. Spectra thus obtained, however, may require roughly a three or four-fold increase of acquisition time to ensure an SNR equivalent to obtained from 3 -4ml of voxeL and as scan time alone extends to about 23 -30 minutes per measurement, this approach would be impractical in the clinical situation. In most such situations, not only is prolonged examination time not permitted, but is also undesirable because of the possibility that a patient will move. In the clinical situation, it is desirable to acquire a spectrum within 10 minutes and to complete the examination of both hippocampi within 30minutes.
As far as NAA/Cho values are concerned, standard deviations of metabolite ratios varied little among the 
asyrnrnetry in right-handers TR/TE ; repetition time/echo time, No. ; number, NAA; N-acetylaspartate, Cho ; choline containing compounds, Cr ; creatine + phosphocreatine, SE; spin echo, STEAM; stimulated echo acquisition mode, SVS ; single voxel spectroscopy, CSI; chemicalshift irnaging, * number of phase encoding steps in 2 dirnensional spectroscopic imaging, the number within the parenthesis is standard deviation calculated as percentile of a mean value, the nurnber within the bracket is the reference number cited in the text spectra obtained with voxel volumes of 2 -5 ml (10 6 -13. 2 % of mean values). This relatively high variability of NAA/Cho may be attributed to systemic causes, problems of post-processing, or low SNR of spectra obtained from the hippocampal area; systemic causes, however, cannot be removed, and as we employed the manufacturer's post-processing protoco1, with only minor modifications of baseline or phase correction, it seems that post-processing itself was not a significant factor of metabolite ratio variation. We believe that the low SNR of spectra obtained from the hippocampal region is the major cause of the reproducibility problem. To improve the SNR of the spectra, careful shimming is essential, but in the hippocampal area, it is usually difficult to obtain good shim values, due to relatively strong magnetic field inhomogeneity. The problem of SNR can be improved partly by using a specially designed phased-array coil for the temporallobes instead of conventional volume head coils, but this is not available commercially (15) .
SNR of a spectrum can, in addition, be improved by increasing voxel volume at the expense of spatial resolution, or by increasing the number of scans at the expense of examination time. The former approach should consider the possibility of intra-voxel phase dispersion as mentioned above; to achieve SNR improvement, the latter approach would-in spite of the prolonged examination time and risk of a patient moving-be a safer method than the former. A wide range of normal NAA/cho ratios has been reported in literature describing spectroscopy of the temporal lobe (9 -13) ; published data are shown in Table 2 . It may be presumed that these variations are secondary to the choice of pulse sequence, TR/TE, coil type, voxel volume and location ofthe voxel. In many reports, we could not find detailed descriptions of the SNR of spectra, or the reproducibility of the selected measurement parameters, though to determine optimal measurement par없neters for producing reliable metabolic information regarding hippocampal areas, such descriptions are .essential. Data variation due to spectroscopic measurement itself may partly contribute to variations in the spectroscopic data of normal hippocampal area, in addition to individual variations in anatomy or biochemical composition.
In summary, we observed that when performing spin-echo spectroscopy for the hippocampa NAA/Cr + Cho may reach about 8 -13 % of mean values. MRS of the hippocampal area may not easy, since it requires accurate localization of the voxel and adequate SNR from a small volume ofinterest and must also overcome the susceptibility effect in the anteromedial temporallobe. Careful consideration and evaluation of suitable measurement parameters may be necessary before applying this technique to clinical patients.
